In this study, we examine the spatial interrelation between different carnivore species (Carnivora, Mammalia) and ground-nesting birds in a Special Protection Area (SPA) in Brandenburg, Germany. Camera-and live-trapping of carnivores during an 18-month period revealed that the SPA hosts most mesocarnivore species that occur in Germany. Since raccoon (Procyon lotor), red fox (Vulpes vulpes), and domestic cat (Felis silvestris f. catus) showed highest abundance-activity indices, we used GPS telemetry for a detailed analysis of spatial behavior of nine raccoons and five red foxes over a 22-month period. Spatial distribution patterns showed a strong difference between both species: raccoons showed a clear preference for reed swamps and shrub swamps, clustering in high concentrations along the edges of water bodies. Although this behavior is likely due to the high and year-round availability of aquatic food sources, overlap of raccoon core areas with high densities of wetland birds likely results in a high level of sublethal predation effects particularly on waterfowl breeding in reed beds. Red foxes showed much more evenly distributed movement patterns and a high intraspecific variability in habitat preference, revealing a general preference for woodlands and an avoidance of wetlands. Thus, predation pressure by foxes on ground-breeders seems to be lower and focusing on grasslandassociated bird species in close proximity to woodlands. Consequently, our study highlights the need for a differentiated view on the predatory potential of particular mesocarnivore species on the endangered bird species in the SPA, leading to future management implications with a focus on swampland habitats.
Introduction
In central Europe, agricultural practices such as crop production and livestock farming by humans have led to the conversion of structurally uniform forests into cultural landscapes with biodiversity-rich habitat types (Naveh 1998) . Many faunal elements of European agroecosystems (e.g., grasslandassociated arthropods and songbirds) only exist due to this anthropogenic transformation process (Zeller et al. 2017) . Therefore, nature conservation regulations (e.g., European Bird Directive, Fauna and Flora Directive) aim at promoting biodiversity by protecting cultural landscapes. During decades, however, an increasing agricultural intensification process causes a dramatic decline across many taxonomic groups. Negative impacts of intensive agriculture on populations have already been reported for several groups of epigeic arthropods (Rushton et al. 1989; Aebischer 1991; Sotherton and Self 2000) , as well as for mammals, such as European hare (Lepus europaeus) (Smith et al. 2005) , European hamster (Cricetus cricetus) (Nechay 2000) , and several bat species (Starik 2016) . Another example is the well-documented negative relationship between agricultural intensification and the species richness of birds adapted to open areas (Hagemeijer and Blair 1997; Chamberlain et al. 2000; Donald et al. 2001; Robinson and Sutherland 2002; Haupt et al. 2009 ). Apart from direct effects, such as intense machine processing, advanced mowing dates, or frequent cuts per year, agricultural Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10344-018-1249-z) contains supplementary material, which is available to authorized users.
intensification also indirectly affects reproductive performance of bird populations through land consolidation, melioration, and increasing eutrophication, resulting in a microclimatic deterioration of the quality of nesting sites (Hudson et al. 1990; Haupt et al. 2009 ). In addition, climatic changes and increasingly humid springtimes can increase this effect (Haupt et al. 2009 ), illustrating the complexity of the interrelation between land use and decreasing populations of particularly ground-nesting bird species. In fact, most of the bird species listed as extinct or threatened in Germany are groundbreeders (Langgemach and Bellebaum 2005) . Already in 1979, the European Union designed a pan-European network of Special Protection Areas (SPA) in order to protect bird species (particularly migratory birds) and their habitats (e.g., wetlands of international importance for migratory waterfowl). However, management actions in this areas, such as habitat improvements and extensive farming practices, could not yet stop decreasing population trends of many bird species (Südbeck and Krüger 2004; Haupt et al. 2009 ).
For this reason, predation on ground-nesting birds is receiving considerable attention for its potential effect on the reproductive success and consequently the population development of ground-nesting bird species (Baines 1990; Newton 1993; Grant et al. 1999; Bellebaum 2002; Langgemach and Bellebaum 2005) . In wetlands, predation has been reported an important factor for declining population trends of several wader species (Grant et al. 1999; Macdonald and Bolton 2008; Milsom 2010) . Predation has been shown to also negatively affect the breeding success of grassland-associated songbirds, such as corn bunting (Emberiza calandra) (Brickle et al. 2000) , yellowhammer (Emberiza citrinella) (Bradbury et al. 2000) , and skylark (Alauda arvensis) (Donald et al. 2002) . Apart from avian predators, numerous studies highlight the role of carnivores (Carnivora, Mammalia) in this context (Crooks and Soulé 1999; Sanders and Maloney 2002; Engl et al. 2004) . However, often the specific carnivore species remains unidentified, resulting in surprisingly little information regarding the specific role of particular carnivore species. According to the current state of knowledge, the red fox (Vulpes vulpes) seems to be the most important mammalian predator of ground-nesting birds in Europe (Isaksson et al. 2007; Pedersen et al. 2009; Fletcher et al. 2010; Kämmerle et al. 2017; Roos et al. 2018 ). However, this seems to be simply a result of the species' high degree of occurrence in a vast distribution range and its ability to occasionally attack and kill even large bird species, such as adult mute swan (Cygnus olor) (Litzbarski 1998; Kube et al. 2005 ). In addition, many studies simply link decreasing populations of ground-nesting birds to increasing numbers of red foxes. Despite an increasing awareness regarding the predatory potential of alien carnivores, such as raccoon (Procyon lotor), raccoon dog (Nyctereutes procyonoides), or American mink (Neovison vison) in Europe, surprisingly little scientific attention has been paid on the predatory potential of alien carnivores on a species level. Although the raccoon is commonly regarded as a nest predator of waterfowl (Cowardin et al. 1983; Johnson et al. 1989 Johnson et al. , 1992 Sargeant et al. 1993; Heske et al. 2001; Schmidt 2003; Ellis et al. 2007) , even in its native range in the USA and Canada, the predation risk caused by raccoons is still poorly investigated. In a European context, the relative predatory potential of alien carnivore species compared to native carnivores has not received much attention (Langgemach and Bellebaum 2005; Salo et al. 2007 ). In addition, the few studies focusing on this issue could not find evidence for negative impacts on ground-nesting bird populations concerning raccoons (Engelmann et al. 2011; Michler 2017) and raccoon dogs (Lavrov 1971; Nasimovič and Isakov 1985; Kauhala 2004) . Nevertheless, against the background of still increasing population densities and in view of their omnivorous feeding habits and their association to water, there is need for further research concerning in particular raccoons and their predatory potential on ground-nesting bird species in Europe.
The overall objective of this study is to investigate the interrelation between different carnivore species and the ground-nesting bird community in the SPA BMittlere Havelniederung^(MH-SPA) in Brandenburg, Germany. The first objective is to examine the composition and distribution of the local carnivore community associated with this protected area. On this basis, the next objective is to analyze the spatial behavior (home ranges, core areas, dispersal patterns) and habitat preferences of selected individuals representing the most common mesocarnivore species. In a third step, we aim at analyzing how this spatial behavior is locally related with the occurrence and spatial distribution of selected ground-nesting bird species. Collectively, a better understanding of the relation between spatial behavior of mammalian carnivores and the occurrence and distribution of selected ground-nesting bird species will help to derive future management implications for the conservation of groundnesting bird species and a sustainable predator management, also addressing the requirements and ecological function of different carnivore species in this SPA.
Methods

Study area
The study was conducted at the northern border of the MH-SPA which is located around 10 km west of Berlin in the western part of the federal state of Brandenburg, Germany (12.651205 E, 52.490064 N) . The MH-SPA (249 km 2 ) and its surrounding area were shaped by the Weichselian Glaciation and thus are characterized by glacier moraines, outwash plains, and a largely open landscape (Küster 2007 ).
Due to numerous former meltwater discharge streams, today, the area is one of the largest continuous areas of rivers and lakes in Germany. Apart from waters (15.3%), the protection area is covered by large areas of reed beds (3.4%), which are surrounded by a mosaic of human settlements (3.7%), woodland (11.7%), arable land (36.9%), and grassland (30.0%) (LUGV 2013) . The area is strongly influenced by seasonal water levels of the river Havel. Thus, especially during springtime, large areas of grassland are flooded. This landscape pattern makes the Protection Area an important breeding and resting site for many endangered ground-nesting bird species, in particular waterfowl and waders. A total of more than 250 bird species have already been reported in this area, including 30 ground-nesting bird species listed on Annex I to the Bird Directive (26 reported breeding) (Rudolph 2005) . Notably, common crane (Grus grus), Eurasian bittern (Botaurus stellaris), little bittern (Ixobrychus minutus), and bluethroat (Luscinia svecica) are represented in this area by a huge part of the federal state's total population (Rudolph 2005) . Located in the northern part of the MH-SPA, the case study area (12.5 km 2 ) is bounded by Lake Beetzsee in the south and a large forest area in the north, including the village Gortz. The northern part of the study area is mainly covered with forest, while the lakeshores in the south are dominated by swampland and floodplains. The rest of the study area mainly comprises arable farmland and pasture land (Fig. 1) .
Data collection and data analysis
Camera trapping
In order to investigate the composition and distribution of the carnivore community, we deployed 20 infrared camera traps from mid-June to September 2015 (12 Moultrie® M100 and 8 Moultrie® M-990i). Our trapping design was set up to detect mesocarnivores with a predatory potential for ground-nesting birds in three different habitat types (swampland, woodland, open land) . Thus, we deployed cameras in an opportunistic way, close to signs of carnivore activity such as tracks, feces, or dens. Camera traps were mounted on trees or timber stakes around 40-50 cm off the ground, facing potentially occupied sites. We did not use any attractant. Locations of camera traps were changed if carnivore activity at camera trap sites was low. In total, we conducted camera surveys at 39 locations (n = 15 in swampland, n = 17 in woodland, n = 7 in open land), resulting in 1356 trap nights. Average length of camera deployment at each site was 34.8 days (SD = 34.7; min = 10; max = 147).
Camera traps were active 24 h/day and took bursts of three pictures with a delay of 30 s between trigger activations. To avoid overestimation of species, camera trap detections were converted to camera-trap events (Meek et al. 2014 ). An event was recorded where an individual of a species was photographed with a minimum absence of 5 min between two detections. As in some cases, more than one individual of the same species was photographed at the same time, we later multiplied camera-trap events for each species and habitat type by the species' average group size of the respective habitat type. In order to compare abundance-activity indices between habitat types, we computed a relative abundance index (RAI) for each species and habitat type (O'Brien et al. 2003; Jenks et al. 2011) . For each habitat type, all camera-trap events of each species were summed for all camera traps over all days, multiplied by 100 and divided by the total number of camera trap nights in each habitat type (O'Brien et al. 2003) .
where n refers to the total number of camera traps, E refers to the number of camera-trap events, and TN is the total number of trap nights per habitat.
Since most pictures were black and white and therefore did not always allow distinguishing beech martens (Martes martes) and stone martens (Martes foina), we grouped both species. Calculations were done with R 3.4.1 (R Core Team 2017) and Microsoft® Excel 2010.
Live-trapping and radio tracking
Live-trapping of carnivores took 18 months (October 2015 to March 2017) and 2543 trap nights. Since we used a maximum relative transmitter weight of 3% (Kenward 2000; Sikes 2016) for collaring, our trapping design was set up to trap carnivores with a body weight larger than 5.7 kg (raccoon, raccoon dog, red fox, badger). For capturing, we used 11 wooden walkthrough box traps, that were complemented with seven additional walk-through box traps in May 2016 (length = 200 cm, height = 40 cm, width = 33 cm). Box traps were deployed in three different habitat types (swampland, woodland, open land) along obligatory passages such as ditches, game trails, or lakeshores. Locations of live traps were frequently changed depending on trapping success and activity of selected carnivores at trap sites. In order to measure carnivore activity and trapping success, trap sites were surveilled with a total of 20 camera traps (12 Moultrie® M100 and 8 Moultrie® M-990i), resulting in 3018 trap nights. Camera traps were active 24 h/ day and took bursts of three pictures with a delay of 30 s between trigger activations. In total, we mounted live traps at 88 different trap sites (n = 28 in swampland, n = 27 in woodland, n = 33 in open land). Traps were controlled twice a day and baited with liver sausage, cat food, or dried dates. As done for camera trapping, we also calculated relative abundance indices for live captures by using the relative abundance index and the acronym CRAI.
Captured animals were transferred into a holding cage and then checked for parasites, body condition, and injuries. Animals in bad conditions as well as juveniles and lactating females were not handled but released immediately. Adult animals were defined by body weight (Fiero and Verts 1986; Stubbe 1989; Wandeler and Lüps 1993) , putting the transfer box on a mobile scale. If animals were heavy enough, they were immobilized with an intramuscular injection of a ketamine-xylazine hydrochloride combination via a blowpipe. This mixture has been applied in numerous previous studies due to its high therapeutic index (Wiesner and von Hegel 1985) and is suitable for red foxes (Travaini et al. 1992; Kaphegyi 2002) and raccoons (Belant 1995; Michler et al. 2003 Michler et al. , 2015 . For immobilization of raccoons, we used doses of 15 mg ketamine and 3 mg xylazine per kg body weight (Michler et al. 2015) . Red foxes were immobilized with slightly higher doses. Depending on level of aggression, we used 20-25 mg ketamine and 4-5 mg xylazine per kg body weight. After immobilization, animals were retrieved from the holding cage, weighted to the nearest 10 g, measured, sexed, and ear-tagged (Dalton® Rototag). Besides, all animals were fitted with GPS collars (e-obs®, Grünwald, model 1C-heavy, 170 g) that were programmed to an interval of 40 min (36 fixes per day). Since animals were arranged in safe boxes to recover, we did not use any antidotes. Besides, we wanted to avoid possible adverse effects by antidotes (e.g., tachycardia) (Michler et al. 2015) . Animals were released at the same locations after 4-6 h. GPS data was stored on the tags and was downloaded weekly with a handheld receiver and a yagi antenna which had a range of 100 to 1000 m, depending on vegetation structure. To locate collared individuals from high distance, GPS tags were also reachable via UHF for 2 h/day. Prior to livetrapping, accuracy of all GPS tags was tested for 8 h by mounting the collars on an open field. For each collar, we then calculated the average position of all GPS fixes (ArcGIS 10.1, Function: Median Center) and the mean deviation of all single fixes to this point. Mean deviance was 3.4 m (median = 2.56; SD = 2.72 m). There was no significant difference in accuracy between the different tags (ANOVA: F = 1.6677, p = 0.074).
Total home range of carnivores was calculated using R 3.4.1 (R Core Team 2017) and the package Badehabitat ( Calenge 2006) . For calculating home ranges, we used three methods: (1) minimum convex polygon (MCP) (Mohr 1947; White and Garrott 1990) , (2) fixed kernel density estimation (KDE) (Worton 1989) , and (3) adapted local convex hull (ALoCoH) (Getz et al. 2007 ). According to Getz et al. (2007) , LoCoH methods and especially the A-LoCoH method are superior to parametric kernel methods and minimum polygons due to their ability to identify hard boundaries such as lakes or rivers. For calculating adapted local convex hulls, the parameter a was defined as the maximum distance between any two individual's GPS points (Getz et al. 2007 ). For KDE, we used the reference bandwidth h ref as the smoothing parameter (Worton 1995) , since smoothing with other methods (e.g., least squares cross-validation) resulted in excessive fragmentation and underestimates of home range sizes (see also Blundell et al. 2001 ). According to (Burt 1943) , single excursions to the area outside the animal's normal area should not be considered as part of the home range. Thus, for calculation of home ranges, the concept of utilization distribution (UD) (Van Winkle 1975) is often used. The UD describes the use of space by a bivariate probability density function, commonly using a value of 95% to define the total home range (Worton 1989; White and Garrott 1990) . Individual core areas instead were estimated by calculating home ranges at a level of 50% utilization distribution (Dixon and Chapman 1980; Laver and Kelly 2008; Byrne and Chamberlain 2011; Drygala and Zoller 2013) . In two cases, when red foxes established new home ranges within the first 3 weeks, we only used GPS fixes of the second home range. Intraspecific spatial overlap between two individuals A and B was calculated using the 95% Kernel isopleths of both animals and Sørensen's coefficient (Sørensen 1948; Poole 1995 ).
where a refers to the area used by individual A, b refers to the area used by individual B, and c is the area shared by both individuals.
Habitat mapping
To quantify habitat selection of the equipped carnivores, vegetation was mapped by measuring the shapes of different vegetation types with a GPS device (Garmin® eTrex 20). Dynamic shorelines between waters and reed swamps were mapped using a kayak. Data of different woodland types were taken from public data of the European Regional Development Fund (ERDF) and the Land Brandenburg (MI 09-046L/80140147). Mapped data was digitalized with ArcGIS 10.4 (ESRI®) and adjusted with the help of satellite imagery. We differentiated between four broad habitat types (woodland, open land, swampland, human settlements) and 14 detailed habitat types. Woodland was divided into deciduous, coniferous, and mixed forests as well as into reforestation areas. Open land was grouped into hedges and thickets, meadows, fallow land, arable fields, permanent pastures, and shifting pastures, which were only grazed by cattle during summertime from May to August. Swampland was grouped into carrs, shrub swamps, and reed swamps. To calculate habitat preferences, we used Chesson's electivity index ɛ (Chesson 1983) , which is an often used method for calculating habitat preferences (Krebs 1989; Pebsworth et al. 2012; Cristescu et al. 2013; Schai-Braun et al. 2013 ). We chose this index because it guarantees a comparability of cases with different number of habitat types. Chesson's electivity index is based on Manly's selection index ɑ (Manly et al. 1972) , which computes a utilization probability ɑ i for any vegetation type i:
where m is the total number of vegetation types available to an individual, r i refers to the portion of vegetation type i used, and p i refers to the portion of vegetation type i available to an individual. Utilization ratio ɑ i is the probability that the next vegetation used will be of type i. Chesson's selectivity index Ɛ is scaled to values from − 1 to + 1. Neutral selection is indicated by values of 1 / m. Values larger than 1 / m mean preference while values smaller than 1 / m mean avoidance (Chesson 1983) . For computing p i , we calculated the available portions of every vegetation type inside the 95% kernel isopleths of each individual, whereas r i was calculated by analyzing the single GPS fixes of every individual inside the 95% kernel isopleths. The preference or avoidance of a vegetation type was regarded significant, when the values of the lower and upper 95% confidence interval featured the same algebraic sign (Schai-Braun et al. 2013 ). We first computed Chesson's electivity index for the four broad habitat types and afterwards again for the 14 detailed habitat types. GPS tags recorded 3d-acceleration data for 10 s in intervals of 5 min. Acceleration data was analyzed with the software Firetail® (Schäuffelhut Berger GmbH) to investigate diurnal activity. Calculations were done with R 3.4.1 (R Core Team 2017) and Microsoft® Excel 2010.
Bird survey
To identify trends in predation risk of ground-nesting birds, we calculated a predator-prey spatial overlap with the spatial distribution of red foxes and raccoons and bird sightings.
Therefore, a post hoc bird mapping survey was conducted between 1 March 2017 and 31 June 2017. For bird mapping, we selected an area of 269 ha in the southern part of the study area where GPS-tagged raccoons and red foxes occurred. Ground-nesting birds were defined as birds that are nesting directly on or near the ground. Birds were mapped once a week following the guidelines of the European Ornithological Atlas Committee (EOAC). Positions of bird observations were recorded on a map and later digitalized with ArcGIS 10.4 (ESRI®). For estimating relative abundance of bird species, MacKinnon lists (MacKinnon et al. 1993) were produced with a maximum number of 10 different species on each list (MacLeod et al. 2011) . Although the MacKinnon list technique is typically used to estimate species richness, it has also been suggested as a rapid and time-efficient method to estimate relative abundance indices of birds (Bibby et al. 2000; MacLeod et al. 2011) . The method briefly consists of a chronological listing of all species encountered during birding. This master list is then chronologically split into smaller list, such that each list comprises a predetermined number of different species (e.g., 10). In contrast to simple species lists, the MacKinnon list technique allows to estimate an abundance index by calculating the portion of lists in which each species occurs.
To calculate predator-prey spatial overlap, we compared the individual core areas of red foxes and raccoons (ALoCoH 50%) during breeding time (1 March to 31 June) with locations of bird sightings (ArcGis Function: Near). Since positioning of bird observations had some inaccuracy, we calculated spatial overlap with a tolerance of 10 m, adding a respective buffer on the core areas first. For each bird species, we then calculated the percentage of sightings that overlapped with core areas of red foxes and raccoons, respectively. and Martes spec. (RAI = 6.60/5.14/3.98) show higher abundance-activity indices, at least in some habitat types. Red fox (V. vulpes), raccoon (P. lotor), and domestic cat, by contrast, reveal abundance-activity indices, which are about factor 10 times higher than the average abundance-activity score of the remaining carnivore species photographed. While raccoons were mainly photographed in swampland (RAI = 27.21) and domestic cats were mainly photographed in grassland (RAI = 19.30), red foxes show high indices of relative abundance-activity in grassland (RAI = 22.41) and forest (RAI = 28.47) as well (Fig. 2) .
Results
Carnivore community
During live-trapping, we captured a total of six carnivore species: M. martes (n = 2), M. foina (n = 6), N. procyonoides (n = 3 juveniles), V. vulpes (n = 11 adults, 13 juveniles), P. lotor (n = 31 adults, 16 juveniles), and F. silvestris f. catus (n = 22). Among these species, trapping success (capture index) was highest for raccoons (CRAI = 13.9), while red foxes (CRAI = 3.4) reveal the lowest degree of trapping success (Fig. 2) . Focusing on the most detected carnivore species and following the requirements in terms of body weight (see BMethods^), we equipped a total of nine raccoons and six red foxes with GPS collars in order to study their spatial behavior in detail.
Dispersing activity
Except for two juvenile individuals, raccoons were only captured in the swampland habitats of the study area's southern part and stayed in relatively close distance to their trapping sites all year (maximum distance from trapping site = 4.1 km, median = 0.87 km, n = 61,237 fixes). Red foxes, in contrast, were mainly captured in woodland and open land habitats (Fig. 2b) and showed a much higher post-capture dispersing activity than raccoons. Out of the six GPS-collared red foxes, two females (rf1and rf3) moved away (4.1 km, 12.1 km) from the study area and established new home ranges at the northern border of the MH-SPA, shortly after the GPS collar was fitted to the animals. During this dispersing, one red fox (Rf1) even traveled a total distance of more than 120 km during just five consecutive nights to Berlin and back again. Home ranges of raccoons showed a high degree of intraspecific overlap (mean = 33.6%, maximum = 82.8%), while red foxes' home ranges did not overlap at all (Fig. 3) .
Home ranges and core areas
The mean size of individual home ranges and core areas of raccoons and red foxes reveals a pronounced intraspecific variability (Table 1 ). In addition, the mean sizes of individual home ranges and core areas of red foxes are larger than the respective areas of raccoons. This applies for all three estimation methods (MCP, KDE, and A-LoCoH) and calculated probability ranges (50 and 95%), except for the KDE 50% . However, significantly larger areas of red foxes compared to raccoons were only proven in terms of the A-LoCoH 90% (Student's t test: p = 0.04, t = 2.27) and the A-LoCoH 50% (Student's t test: p = 0.01, t = 3.01). All home range sizes of raccoons did not significantly depend on telemetry period (Pearson's correlation: p > 0.05), while in red foxes, there was a significant correlation between the size of the ALoCoH 95% and the duration of telemetry (Pearson's correlation: p = 0.04). In addition, median number of individual raccoon core areas (A-LoCoH 50% ) during night hours was significantly (Wilcoxon test: p = 0.046, W = 6) higher than in red foxes (Table 1) .
Spatial distribution patterns
Spatial distribution patterns according to individual GPS fixes reveal a pronounced interspecific difference in habitat use (Fig. 4) . Whereas raccoons show a strong tendency to cluster Fig. 3 Location of home ranges (A-LoCoH 99% ) of GPS-collared red foxes (n = 5) and raccoons (n = 9) Fig. 2 Relative abundance index (RAI) of photographed carnivore species at trapping sites in different habitat types versus trapping success rate (number of captured animals per 100 camera-trap events) and total numbers of captured individuals. Capture indices refer only to trap sites that were surveilled with camera traps Table 1 Total home ranges and core areas of studied animals according to different estimation methods: minimum convex polygon (MCP), kernel density estimation (KDE), and adapted local convex hull (A-LoCoH) Home ranges, which are based on less than 32 days of data, are italicized. A visualization of the individual telemetry periods can be found in Fig. S1 a Mean, standard deviations, and test variables include only home ranges based on more than 31 days along the fringes of water bodies, resulting in a rather linear distribution pattern and elongated home ranges, red foxes were much more evenly distributed within their home ranges, resulting in a more homogenous distribution pattern within a rather planar-shaped area. As a result, the elongated shape of raccoon's home ranges along water bodies leads to an overestimation of the size of individual kernel home ranges, as the KDE does not allow for an identification of hard geographic boundaries. Individual total home ranges of raccoons therefore contain large proportions of water (mean = 27.3%; max = 42.3%), which needs consideration when estimating the home range size of raccoons (Fig. 4.) . True home ranges of raccoons (excluding non-used water areas) were about one third smaller than estimated by KDEs, leading to clearly smaller home range sizes of raccoons when compared to red foxes. This difference becomes apparent, when using the A-LoCoH method at the 95% probability level. In contrast to parametric KDE, the A-LoCoH method includes such borders in the estimation of spatial dimensions, resulting in significantly smaller total home ranges of raccoons when compared to red foxes (red foxes = 193.8 ha, raccoons = 81.7 ha, Table 1 ). In addition, the species-specific difference in spatial dimensions of activity areas becomes even clearer on the level of core areas. While individual raccoons maintained several (up to 13) small and aligned core areas, the core areas of red fox individuals were significantly larger (Table 1) . Moreover, the spatial 
Habitat use
Habitat use of raccoons revealed a significant preference for swampland, in particular reed swamps, while, compared to swamp land, open land (p = 0.00004, W = 0, Wilcoxon signed-rank test) and woodland (p = 0.0027, W = 0, Wilcoxon signed-rank test) were significantly avoided. However, some individuals showed a preference for carrs. The proportion of human settlements on the home ranges of raccoons varied considerably among individuals. Compared to raccoons, red foxes showed a higher level of intraspecific variation concerning their habitat preference. While the general habitat category Bwoodland^was moderately preferred, the analysis of specific habitat categories revealed a clear difference in the preference of foxes for different types of woodland: foxes significantly preferred deciduous forests and avoided coniferous forests. As in raccoons, open land was significantly avoided, while in some individuals, there was a preference of swamplands in particular carrs. Similar to raccoons, red foxes showed a high degree of intraspecific variability concerning the use of human settlements (Fig. 5a ). Red foxes and raccoons showed a strong nocturnal activity, which was closely linked to sunrise, while activity was extended into the early morning hours during summer (Figs. 1S and 2S ). During resting time (sunrise to sunset), core areas (LoCoH 50%) of raccoons were mainly located in reed swamps and-to a much less extent-in shrub swamps. In contrast, core areas during activity period (sunset to sunrise) encompassed a smaller proportion of reed swamps and a higher portion of shrub swamps. Compared to raccoons, red foxes showed a high intraspecific variability in the use of habitat structures during resting period. While one individual spend most of its daytime in human settlements, other red foxes preferred deciduous wood, coniferous wood, or reed beds. During activity period, core areas of red foxes were also mainly located in woodland, human settlements, meadows, shifting pastures, and arable fields (Fig. 5b) .
Interrelation between ground-nesting birds and carnivores
In total, we observed 1796 birds of 31 ground-nesting bird species with a significant (binominal test: p < 0.001) higher proportion of waterfowl (65.45%). Thirteen bird species have been observed only a few times (MacKinnon = 1-6), whereas the most common bird species were Greylag goose (Anser anser, MacKinnon = 45), Eurasian skylark (A. arvensis, MacKinnon = 40), and Great reed warbler (Acrocephalus arundinaceus, MacKinnon = 29) (Table S1 ).
On average, we observed 1.67 grassland birds and 5.0 waterfowl per hectare, which makes a total of 6.67 groundnesting birds per hectare. However, in the core areas of the nine collared raccoons, we recorded more than the double (14.87) of bird observations per hectare with a significantly (binominal test: p < 0.001) higher proportion of waterfowl (13.88 observations per hectare) than grassland birds (0.99 observations per hectare) (Fig. 6 ). Since four red foxes either moved away or maintained their home ranges aside of swampland habitats, only one collared red fox remained in the area, where the collared raccoons were occurring and bird observations have been conducted. In the core areas of this single red fox, we recorded 8.3 bird observations per hectare, with a higher proportion of waterfowl than grassland birds (5.05 and 3.25 observations per hectare for waterfowl and grassland birds, respectively). On species level, highest relative overlap with red foxes' core areas was found for Greylag goose (3.47 individuals per hectare) and European skylark (A. arvensis, 2.26 individuals per hectare). In raccoons' core areas, highest relative overlap was found for Greylag goose (4.69 individuals per hectare), Savi's warbler (Locustella luscinioides, 2.63), Nothern shoveler (Anas clypeata, 1.60), and Eurasian coot (Fulica atra, 1.32) (Fig. 6) .
During nesting time, marked raccoons mostly preferred shrub swamps (median Ɛ = 0.58) and reed swamps (median Ɛ = 0.76), while red foxes preferred fallow (median Ɛ = 0.24) and also shrub swamp (median Ɛ = 0.29). Observed birds during nesting time preferred flooded grasslands (median Ɛ = 0.46) and reed swamps (median Ɛ = 0.20) as well as shrub swamps (median Ɛ = 0.06). Thus, largest number of detections of ground-nesting birds was also found in flooded grasslands (1.3 individuals per ha) and reed swamps (0.8 individuals per ha) (Fig. S1) .
Discussion
Declining population trends of many ground-nesting bird species in Europe currently pose a high concern in nature conservation (Südbeck and Krüger 2004; Haupt et al. 2009 ). It is widely accepted that agricultural intensification plays a major role in this context (Hagemeijer and Blair 1997; Chamberlain et al. 2000; Donald et al. 2001; Robinson and Sutherland 2002; Haupt et al. 2009 ). However, the relationship between land use and the ongoing decline in ground-nesting bird numbers is complex. Several studies reveal a high predatory potential of mammalian carnivores (Carnivora, Mammalia) resulting in a reduced breeding and hatching success of ground-breeding bird species in different European countries (Crooks and Soulé 1999; Sanders and Maloney 2002; Engl et al. 2004; Südbeck and Krüger 2004) . This problem is even more pronounced because several alien (and partly invasive) carnivore species, most importantly the raccoon (P. lotor), bear a considerable risk for increasing predation pressure on ground-breeders. However, studies dealing with the predatory potential of different medium-sized carnivore species (mesocarnivores) in Europe reveal that a native species-the red fox (V. vulpes) -is the most important predator of groundnesting birds (Isaksson et al. 2007; Pedersen et al. 2009; Fletcher et al. 2010; Kämmerle et al. 2017; Roos et al. 2018 ).
Terrestrial carnivore species occurring in the MH-SPA A total of 13 small-and medium-sized terrestrial carnivore species occur in Germany (Meining et al. 2009; Teubner et al. 2015) . Camera-and live-trapping revealed thatexcept for wildcat (F. silvestris) and golden jackal (Canis aureus)-all of these species are also present in our study area. Among the carnivore species indirectly observed via camera traps, red fox and raccoon as well as the domestic cat (F. silvestris f. catus) clearly show highest levels of detection rates, at least in certain habitat types. Several studies draw special attention on the impact of domestic cats on songbird populations and breeding performance (Sanders and Maloney 2002; Woods et al. 2003; Tschanz et al. 2011) . Accordingly, our study highlights the need for further studies on the predatory potential of domestic cats on ground-nesting birds in this area.
Red fox and raccoon in the MH-SPA
The camera-and live-trapping design was set up to detect mesocarnivores with a predatory potential for groundnesting birds. It is thus not surprising that carnivore species with an ichthivorous feeding strategy (e.g., European otter (L. lutra)) (Webb 1975) as well as small species (e.g., weasels) were only sporadically observed. However, among the target (mesocarnivore) species European badger (M. meles), raccoon dog, red fox, and raccoon, the latter two species appear the main sources of predation risk for groundnesting birds in the MH-SPA. High abundances of raccoons, red foxes, and domestic cats have also been reported from protected areas in close vicinity to our study area (Parker 2014; Wicke 2014) . However, the level of detection of raccoon dogs (N. procyonoides) in our study is surprisingly low given that Parker (2014) reported raccoon dogs as the dominant mesocarnivore species. While raccoons showed the highest live-trapping success among all captured carnivore species, capturing red foxes with live traps turned out to be difficult although red foxes regularly inspected the live traps and were regularly observed in front of live traps via camera traps. This interspecific difference in the likeliness of capturing foxes and raccoons via live traps has also been reported in several other studies (Stiebling 2000; Janko et al. 2011; Börner 2014; Wicke 2014 ). Moreover, the remarkable level of dispersal activity in red foxes could lead to the assumption that some wide-ranging foxes may have been subordinates from previous years that were exhibiting dispersal activity. However, since we only collared animals with a minimum body mass of 5.7 kg, we consider all collared raccoons and Fig. 6 Spatial overlap between bird observations and core areas (A-LoCoH 50% ) of marked raccoons (n = 7) and red foxes (n = 1) during nesting time (1 March 2017 to 31 June 2017). Sample size: n (total observations) = 1796, n (waterfowl) = 1348, n (grassland birds) = 448 red foxes older than 1 year. Since the adult, resident settled individuals are usually those most difficult to be captured, it is also possible that this study missed an important part of the red fox population and therefore underestimates the predatory potential of red foxes. On the other hand, in contrast to raccoons, camera trapping revealed very low trapping rates of red foxes in swampland areas, indicating low presence of red foxes in this habitat type.
Home range size and predatory potential of red foxes and raccoons on ground-nesting birds
The spatial dimensions of an animal's home range and activity areas are strongly related with the quality of the respective habitat (Kenward 2000; McLoughlin et al. 2000) . According to the resource dispersion hypothesis, the spatial scale of animal movement is strongly linked with the ecological diversity and availability of feeding resources within a habitat, as shown for different mesocarnivores (Macdonald 1983 ). This has also been proven for many taxa, including mammal herbivores (Tufto et al. 1996; Göttert et al. 2010 ), large carnivores (Powell et al. 1996; Mcloughlin et al. 2000) , "reptiles" (Simon 1975) , and birds (Hixon 1980) . In areas of low resource availability, an animal has to move greater distances to find sufficient food, water, and shelter compared to areas of high resource availability (Kenward 2000) . In Europe, the average home range size of red foxes varies from 14.2 ha in urban areas of Brighton (UK) (Tolhurst et al. 2016) up to 660 ha in less-structured rural areas of Finland (Kauhala et al. 2006) . Average home ranges of raccoons vary between 129 ha in the city of Kassel (Michler et al. 2003) and 864 ha in agrarian landscapes of Brandenburg (Vorndran 2012) ( Table 2 ). Besides the intraspecific variability as an expression of resource availability in different habitat types, these studies suggest similar spatial dimensions of home ranges of red foxes and raccoons. Accordingly, we found a similar level of the average home range size (KDE 95% ) for both species. Moreover, there is a very pronounced level of intraspecific variability in home range size for both species. The smallest home ranges are maintained by individuals spending most of their life in close distance to villages, which applies for red foxes and raccoons. Small home ranges in close vicinity to human settlements have also been reported from various other studies (Harris 1980; Gloor et al. 2001; Prange et al. 2004; Börner 2014) .
Differences of home range use between red foxes and raccoons
To our knowledge, this is the first GPS telemetry study on red foxes and raccoons in the same study area and one of the first studies reporting on GPS telemetry-based home ranges of raccoons. This allowed investigating the spatial behavior of both species even on the micro-habitat level, recovering strong differences in the species' movement behaviors: While raccoons showed a strong tendency to cluster along the fringes of water bodies, red foxes showed a rather even and more homogenous distribution pattern and different home range and core area features. We showed that comparing home range sizes of the two species using only KDE method on a level of 95% does not accurately reflect their actual spatial behavior. Thus, our data supports the importance of a combination of different home range and core area estimation methods (KDE and ALoCoH) to capture the true spatial profile of the studied individuals. Moreover, while raccoons maintained a high degree of spatial overlap between individual home ranges over the entire study period, red foxes show a strong tendency to shift home ranges and core areas towards the northern border of the SPA. Against the background of this difference in the spatial dimensions of actual home ranges and core areas between red foxes and raccoons, this leads to a more differentiated assessment of their relation to ground-nesting birds.
Differential habitat preferences of red foxes and raccoons and potential impact on ground-nesting birds
Raccoons show a high affinity for water (Fritzell 1978; Sherfy and Chapman 1980; Winter et al. 2005; Fisher 2007; Hermes et al. 2011) and are most abundant in hardwood swamps, mangroves, flood forests, and marshes (Timm et al. 2015) . Accordingly, our study reveals distinct activity clusters of raccoons located along the fringes of rivers and water bodies in the MH-SPA. In line with the camera trap data, GPS telemetry confirms a strong positive selection of raccoons for swampland habitats near water, while woodland (except for carrs) and open land were strongly avoided. A similar pattern has been shown by Hermes et al. (2011) , reporting higher levels of raccoon abundance in swampland compared to open land and woodland. Hermes et al. (2011) and Gehrt and Fritzell (1998) argue that the preference of raccoons for water could be linked with a broad and year-round availability of water-associated food resources, such as fish, shells, and amphibians. Michler (2017) highlighted the high tactile abilities of raccoons, allowing them to fish for food and to occupy food niches in swampland habitat, which are not accessible to other mesocarnivore species. Besides these nutritional aspects, water-associated habitats, such as reed beds, also provide sufficient structures for resting and shelter seeking. This is supported by the preference of raccoons for dense reed swamps over shrub swamps during daytime in our study. It highlights the suitability of reed swamps as an important shelterproviding structure for raccoons (Wicke 2014) . Also, the strong avoidance of open land habitats by raccoons in our study corresponds with literature data (Fritzell 1978; Sherfy and Chapman 1980; Glueck et al. 1988; Hohmann and Bartussek 2011) . Thus, we suggest that raccoons pose a high predatory potential on ground-nesting birds in reed beds, while having a rather moderate potential impact on grassland birds (e.g., Eurasian skylark (A. arvensis) or Northern lapwing (Vanellus vanellus)). In contrast to raccoons and according to literature (Weber and Meia 1996; Janko et al. 2012) , red foxes in our study show a moderate preference for woodland and swampland, suggesting a more even distributed predatory potential of red foxes when compared to raccoons. While camera trapping supports a high level of activity of red foxes in open land, GPS telemetry revealed the opposite. This is linked with the complexity and intraspecific variability in movement patterns of studied red foxes. Red foxes show a clearly different movement and spatial behavior when compared to the sedentary and highly predictable movement behavior of strictly water-associated raccoons.
High abundance of raccoons suggests a high level of sublethal effects on ground-nesting bird species
As discussed above, raccoons seem to pose the highest predatory pressure on waterfowl species in the MH-SPA. However, since raccoons maintained similar home ranges and movement patterns during the entire year, the waterassociated spatial behavior of raccoons is more likely due to the high and year-round availability of aquatic food resources than due to the distribution of ground-nesting birds. However, the high abundance of raccoons in swampland habitats likely leads to a high predatory pressure for ground-nesting bird species during the season of breeding and rearing the young. This in turn can lead to changing behavior of different bird species, which might respond to high levels of predation risk by poor reproductive performance (Cresswell 2008; Peckarsky et al. 2008; Bonnington et al. 2013) . Given the highly concentrated raccoon activity in swamplands, therefore simply the presence of raccoons could strongly deteriorate the habitat quality for ground-nesting birds in this habitat type. In contrast to this, a number of studies from Germany could not find evidence for negative effects of raccoons on groundnesting birds (Engelmann et al. 2011; Michler and Michler 2012; Michler 2017) . However, most of these studies have been conducted in the Müritz National Park and its surroundings: an area that contains large portions of riparian woodland where birds and raccoons find sufficient shelter and food such as mollusks and fruits (Engelmann et al. 2011 ). In the MH-SPA however, habitat types that appear suitable for raccoons and waterfowl are limited to narrow reed belts along the edges of water bodies as a result of grassland management. The cultivation of agricultural areas in close proximity to the edge of water is leading to relatively small habitat patches with high overlap rates of predators and their potential prey, generating an ecological trap that may even increase the level of sublethal effects of raccoons on ground-nesting birds in the reed belts of our study area. Accordingly, the high predatory potential of raccoons on ground-nesting birds, particularly waterfowl, in our study seems strongly related with the habitat characteristics and the land use practices in the MH-SPA. Thus, the predatory pressure caused by raccoons on ground-nesting birds may vary between different regions, limiting a transfer of these observations to other study sites. In order to better understand and further discuss our findings, it is also recommendable to perform detailed studies of feeding behaviors of raccoons and red foxes. Corresponding data on the diet of red foxes and raccoons have been collected and are currently under analysis. In summary, our study reveals that raccoons in the SPA-MH show a high preference for the narrow reed beds along the edges of water bodies, causing a high level of sublethal effects on waterfowl species and in particular those breeding in reed beds. In the SPA-MH, the function of reed beds as an ecological trap for ground-breeders is especially pronounced, since grassland management restricts the expansion of reed beds (areas are managed until short before the edge of water bodies). For this reason, management measures for groundbreeding birds in the SPA should primarily focus on swampland habitats, including habitat improvements leading to larger areas with sufficient habitat for waterfowl. For example, decreasing the grazing intensity or restricting cattle from access to areas close to the edge of waters should already lead to an expansion of reed beds by natural succession. This in turn would directly translate into reducing the predatory pressure caused by raccoons on many ground-breeding bird species in this SPA. Furthermore, raccoons' well-predictable movement behavior along the edges of water bodies results in a high susceptibility to management measures in swamplands. Data on movement of red foxes have to be interpreted carefully, as certain methodological limitations (low sample size, dispersal from study area) reduce the level of significance when compared to raccoons. However, our data suggest that red foxes in the SPA highly prefer woodland habitats and show lower preference for water-associated habitat types than raccoons. Since water-associated birds are among the most endangered bird species in this SPA (Rudolph 2005) , we suppose that red foxes have a lower predatory potential on the ground-nesting birds in the SPA when compared to raccoons. In the SPA-MH, red foxes presumably pose the highest threat on grasslandassociated bird species in close proximity to woodlands. In addition, considering the less predictable and skewed nature of the collared red foxes' spatial behavior and movement patterns, we rather doubt that the attempt to sustainably regulate a red fox subpopulation in such an open system (unfenced SPA) is actually possible with justifiable efforts (e.g., sink effects). Consequently, we highlight the need to focus on the level of the carnivore species and habitat type when investigating the potential predatory impact of carnivores on ground-nesting birds. In addition, we also suggest that the predatory potential of carnivore species on ground-nesting birds is closely linked with availability of suitable habitat and intensity of agricultural land use practices.
